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INTRODUCTION 
One of the objectives of the FAA program was to establish an ac- 
curate, reliable method of determining exhaust emissions from piston 
engines. The words accurate and reliable are inexact and should be 
defined. In writing the 
standards, the EPA requires that the exhaust pollutants be measured 
with sufficient precision so that a carbon balance can be determined 
within an accuracy of 55 percent. Thus, there are two areas of in- 
vestigation which require precision to meet this standard. The engine 
performance or input side of the equation and the emission measurements 
or output side of the equation. This paper will emphasize the impor- 
tance of measuring accurate air and fuel flows as well as the importance 
of obtaining accurate exhaust pollutant measurements. During the past 
2 years of testing general aviation piston engines at NAFEC and at 
Avco Lycoming, Teledyne Continental Motors, and the University of Michi- 
gan,numerous problems have been identified in the emissions measuring 
equipment. 
rective actions taken to incorporate fixes and/or modifications. 
The EPA has touched upon this requirement. 
This paper will identify some of the problems and the cor- 
DESCRIPTION OF NAFEC'S AIR AND FUEL FLOW MEASURING SYSTEMS 
Air Flow 
The first area to be discussed is the airflow measuring method(s). 
There is a great deal of information available on airflow measuring 
techniques. These techniques go back many years and the precision of 
the methods can be reliably estimated. The major points to be dis- 
cussed are: (1) type of instrumentation, (2) sizing, (3) calibration 
and accuracy, and (4) redundancy. 
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Type of instrumentation. - In assessing the requirements of the 
program, it was determined to use two types of instruments to measure 
the airflow, sharp-edged orifices, and flow transducers. There are 
advantages to be realized in using either of these devices. The ori- 
fice is reliable and not subject to wear and deterioration. A perma- 
nent record of a test is assured by a photographic record of the 
manometry to which the instrumentation is connected. The flow trans- 
ducer is very convenient since it can display information digitally 
and data handling can be expedited by connecting instrument input to a 
computer. Each measurement method operates independently of the other 
and therefore can be used as either a primary or a backup measuring 
system. Figure 3-1 is a schematic of the NAFEC airflow measuring sys- 
tem. 
Sizing. - It is very important that the range of airflows to be 
measured is in the upper half of the maximum range of the measuring de- 
vice. For instance, the piston engines have an idle airflow as low as 
40 pounds per hour and a takeoff airflow as high as 2000 (or more) 
pounds per hour. This is a range of 50 to 1. If only one size device 
is used across this range, the error at the low end can be very large 
as shown in figure 3-2. To illustrate this point with both an orifice 
and a flow transducer, the following example is shown: 
Orif ice 
If it is assumed that the AP observed can be read accurately to 
within k0.05 inch of H20, the error at takeoff is +lo pph or k0.5 per- 
cent. At idle, however, an error of 0.05 inch is +45 pph and results 
in an airflow tolerance of +39 percent. 
ing flow transducers. 
strated when referring to an Autoronics 750s transducer calibrated by 
the manufacturer. 
Seven calibration points were made from 100 to 600 CFM. In addition, 
seven calibration points were made from 0 to 100 CFM (the low end of 
the instruments range). A calibration curve from 0 to 600 CFM was 
drawn by the factory and all the points fell very close to the straight 
line calibration. However, when reading the tabulated calibration 
data (fig. 3-3) for the low end of the instrument range, it shows the 
following : 
The same problem arises us- 
This particular point is most graphically demon- 
This device has an upper flow limit of 600 CFM. 
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CPS Measured, Cal ibrated Percent 
CFM curve, d i f f e r -  
CFM ence 
20 10 15 +50 
25 25 25 0 
57 40 44 +10 
The previous discussion i n d i c a t e s  t h e  necess i ty  of proper s i z i n g  f o r  
the  a i r f l o w  measuring system. This i s  t r u e  whether using o r i f i c e s ,  
laminar flow meters, o r  flow transducers.  
Cal ibrat ion.  - The two types of instruments used a t  NAFEC f o r  
a i r f low measurements were o r i f i c e s  and flow transducers.  The o r i -  
f i c e s  were f ab r i ca t ed  a t  NAFEC i n  accordance wi th  ASME standards.  No 
c a l i b r a t i o n s  were made of t h i s  equipment u n t i l  about 6 months a f t e r  it 
w a s  i n  use. This sounds very imprecise; however, t h e r e  w a s  such an  
abundance of information on flow c o e f f i c i e n t s ,  s i z i n g ,  pressure meas- 
urement l oca t ion ,  and accuracies  t h a t  i t  w a s  not  c r i t i ca l .  I n  addi- 
t i o n ,  i t  w a s  possible ,  with t h e  a i r f low system used, f o r  a cross-check 
of t h e  flow t o  be made by comparing o r i f i c e  r e s u l t s  with a c a l i b r a t e d  
flow transducer,  and s m a l l  o r i f i c e s  operat ing simultaneously. Thus, 
confidence i n  t h e  system w a s  high. Later, an o r i f i c e  and a t t endan t  
hardware were b u i l t ,  used a t  NAFEC, and then shipped t o  each of t h e  
other  f ac i l i t i e s  t o  compare r e s u l t s  and t o  develop a c o r r e l a t i o n  be- 
tween t h e  var ious a i r  measuring systems i n  t h e  program. Conservatively, 
i t  i s  estimated t h a t  a i r f low a t  the  t akeof f ,  climb, and approach powers 
is  measured accu ra t e ly  t o  wi th in  22 percent.  A t  t a x i  and i d l e ,  t h e  ac- 
curacy is  within +3 percent.  The flow transducers w e r e  c a l i b r a t e d  a t  
t h e  t i m e  of procurement and r e c a l i b r a t e d  1 year later.  The l a r g e  
transducer (750s) showed a s h i f t  i n  c a l i b r a t i o n  of approximately 7 per- 
cen t ;  t h e  low flow u n i t  showed no change. The s h i f t  i n  t h e  l a r g e  u n i t  
did not  e f f e c t  t h e  program da ta  because a t  t h e  t i m e  of t h e  s h i f t  (it 
appeared t o  be a s t e p  change) i t  w a s  detected from data taken with t h e  
o r i f i c e .  Inspect ion of t h e  o r i f i c e  showed no damage and t h e  l a r g e  
transducer w a s  removed and s e n t  out  f o r  c a l i b r a t i o n .  Inspect ion a t  t h e  
f ac to ry  showed t h a t  t h e  bearing l u b r i c a n t  had changed due t o  cycling 
from ho t  t o  cold and t h i s  temperature cycl ing had a f f ec t ed  the  ca l ib ra -  
t ion .  The l u b r i c a n t  temperature s e n s i t i v i t y  i s  no longer a problem 
with t h i s  equipment. 
Redundancy. - I n  t h e  earlier paragraphs i t  has been implied several 
t i m e s  t h a t  t he re  is  a redundancy t o  t h e  a i r f l o w  measuring system used 
a t  NAFEC. It w a s  planned t o  have t h i s  redundancy i n  the  system t o  ob- 
t a i n  a continuing check on the  information obtained during the  tests. 
It is  much easier t o  d e t e c t  bad da ta  and run again while t h e  engine i s  
ava i l ab le  than t o  come back months la ter ,  r e i n s t a l l  an engine and rerun 
the  tests. A reference t o  t h e  a i r f l o w  schematic shows t h e  redundancy 
(and, i nc iden ta l ly ,  t h e  instrument s i z i n g  technique) which w a s  employed 
from t h e  beginning i n  t h e  NAFEC tests. 
saving i n  t i m e  and money obtained by pinpoint ing t h e  moment when in- 
strument e r r o r s  arise. A l l  t h e  engine performance da ta  co l l ec t ed  a t  
NAFEC have been manually recorded. 
ev i t ab le ,  b u t  i n  almost a l l  cases, they can b e  overcome by comparison 
of t h e  va r ious  systems used during a test and r e f e r r i n g  t o  the photo- 
graphed manometry d a t a  used a t  NAFEC as a backup and a double check of 
t h e  manual readings. It is  f e l t  t h a t  t h e  use  of independent s y s t e m  
f o r  measuring a i r f l o w  has been of g r e a t  va lue  t o  NAFEC i n  a l l  i t s  
tests. 
The value of redundancy is t h e  
Due t o  human e r r o r  mistakes are i n  
The emphasis placed on a i r f l o w  measurement accuracy a t  NAFEC might 
be considered t o  be overdone, but t h e r e  i s  no quest ion t h a t  an  e f f o r t  
of t h i s  type must be made i f  s a t i s f a c t o r y  r e s u l t s  are t o  be obtained 
from t h e  tests. 
Engine Cooling A i r  
The cool ing a i r  system used i n  a l l  tests i n  t h e  laboratory con- 
s i s t e d  of a high volume blower, ducting, a i r f l o w  measuring s t a t i o n ,  
and engine cooling hood. The quant i ty  of cooling a i r  supplied t o  t h e  
engine during t h e  t h r e e  power runs ( t akeof f ,  climb, and approach) w a s  
usual ly  set by measuring a nominal pressure drop ac ross  the  engine of 
3 inches of water. A t  i d l e  and taxi ,  no cooling a i r  w a s  supplied t o  
the  engine. It w a s  f e l t  t h a t  t h e  quan t i ty  of engine cooling a i r  would 
be of considerable importance t o  t h e  program when determining the  ef-  
f e c t  of f u e l  leanout mixture on emissions and t h e  poss ib l e  in t roduc t ion  
of engine overtemperature problems. For t h i s  reason, a series of tests 
were run with each engine wherein t h e  AP ac ross  t h e  engine w a s  
r e l a t e d  t o  t h e  quan t i ty  of cool ing a i r  f o r  t h a t  condi t ion.  Detai led 
information on t h e  cooling a i r  quan t i ty  w a s  obtained f o r  each engine by 
holding a constant  power and varying t h e  cooling a i r  
7 inches of water. There is a unique r e l a t i o n s h i p  between AP and 
pounds per  hour of cooling a i r  f o r  each engine t e s t e d  i n  t h e  laboratory.  
This  information could prove use fu l  i n  r e l a t i n g  t h e  a i r c r a f t  i n s t a l l a -  
t i o n  cooling a i r f lows  t o  those obtained on t h e  test stand. The test  
s tand cool ing hood i s  not  i d e n t i c a l  t o  t h e  a i r c r a f t  i n s t a l l a t i o n ,  but  
a r e l a t i o n s h i p  might be developed between t h e  two. 
AP from 1.5 t o  
Fuel Flow 
The second major parameter t o  be measured on the  input  s i d e  of 
t h e  equation is f u e l  flow. This,  too,  has  a long h i s t o r y  of techniques 
and methods. The measurement of f u e l  flow i n  some ways is  easier than 
measuring airf low.  For one th ing ,  i t  can be physical ly  weighed q u i t e  
readi ly .  This c h a r a c t e r i s t i c  lends i t s e l f  t o  easier c a l i b r a t i o n s  of t h e  
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measuring instrument.  A s  i n  a i r f l o w  measurement, t h e  major po in t s  t o  
be covered are (1) type of instrumentation, (2) c a l i b r a t i o n  and ac- 
j curacy, and (3) redundancy. 
Type of instrumentation. - It w a s  decided a t  t h e  o u t s e t  of t h e  
program t o  use  two types of instruments. A schematic of the f u l l  flow 
system i s  shown i n  f i g u r e  3-4 .  I n  measuring i d l e  and tax i  f u e l  flow, 
i t  w a s  determined t h a t  some s o r t  of dead weight o r  known volume tech- 
nique would have t o  be used. This  r e su l t ed  from t h e  nonsteadiness of 
engine operat ion found i n  t h e  low power region. 
t ax i  f u e l  flows w e r e  measured wi th  t h e  use  of a 250 ML b u r e t t e  and a 
t i m e r .  The amount of f u e l ,  by volume, consumed during a f ixed  t i m e  
period w a s  found t o  be t h e  most accu ra t e  and cons i s t en t  method avail- 
ab le .  By making t h e  t i m e  period of s u f f i c i e n t  length ,  a good average 
value of f u e l  flow a t  low powers w a s  obtained. I n  t h e  same f u e l  l i n e  
were low flow tu rb ine  meters and rotameters. But due t o  t h e  manner i n  
which f u e l  i s  brought i n t o  t h e  engine, t h e r e  were very l a r g e  f luctua-  
t i o n s  i n  f u e l  flow readings a t  t he  i d l e  power s e t t i n g s  which would r e s u l t  
i n  extremely l a r g e  e r r o r s  i n  f u e l  measurement i f  a n  i n s u f f i c i e n t  t i m e  
period f o r  averaging t h e  readings is  not used. 
A t  NAFEC a l l  i d l e  and 
Ca l ib ra t ion .  - A t  t h e  start of t h e  tests a l l  t h e  flowmeters were 
c a l i b r a t e d  using AVGAS as the  medium. The rotameter w a s  not c a l i b r a t e d  
s ince  i t  w a s  f e l t  t h a t  very l i t t l e  could go wrong with i t  and it  would 
have delayed t h e  start of t h e  program. This w a s  a poor assumption 
s ince  later i n  t h e  program discrepancies  i n  f u e l  measurement developed 
and when t h e  rotameter w a s  c a l i b r a t e d  it  w a s  found t o  be reading high 
by about 6 percent.  A l l  t h e  da t a  previously obtained from the  rotam- 
e t e r w e r e t h e n  corrected f o r  t h i s  e r r o r .  Since t h a t  t i m e  t h e r e  has not 
appeared t o  be any problem as soc ia t ed  with e i t h e r  t h e  rotameters o r  t h e  
t u r b i n e  meters. 
Redundancy. - A s  i n  the  case of a i r f low measurement, t h e  f u e l  flow 
system had redundant instrumentation f o r  both t ax i - id l e  and high power 
tests. The t ax i - id l e  redundance w a s  i n e f f e c t i v e  a t  i d l e  i n  most cases. 
But a t  t a x i  where t h e  engine operated more cons i s t en t ly ,  t h e  agreement 
between t h e  b u r e t t e  measurement and t h e  t u r b i n e  flowmeter w a s  usual ly  
very good. 
understanding the  s i z i n g  and redundancy incorporated i n  t h e  system. 
The schematic of t h e  o v e r a l l  f u e l  system i s  h e l p f u l  i n  
The accuracy f o r  f u e l  flow measurement which w a s  obtained i n  t h e  
NAFEC tests i s  51.0 percent a t  high powers and ltr2 percent a t  t a x i  and 
id l e .  
A I R  AND FUEL FLOW MEASUREMENT RECOMMENDATIONS 
A s  a r e s u l t  of t h e  experience a t  NAFEC, t h e  recommendations are 
as follows: 
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(1) A i r  and f u e l  flow measurements should be made with instrumen- 
t a t i o n  which considers  t h e  f a c t o r s  of instrument accuracy., proper s iz ing ,  
and redundance of measurements during a l l  tests. 
(2) The t a r g e t  accuracies  should be a t  least 2 1  percent a t  high 
'powers, +2 percent a t  i d l e  and taxi  f o r  f u e l  flows, and +2 percent and 
23 percent f o r  a i r f l o w  a t  high powers and t a x i l i d l e ,  respect ively.  
(3) A r e l a t i o n s h i p  between a c t u a l  cooling a i r f l o w  and pressure drop 
ac ross  t h e  engine f o r  a l l  engine test s tand configurat ions should b e  
developed. This would be use fu l  i n  r e l a t i n g  a i r c r a f t  i n s t a l l e d  cool ing 
t o  test stand cooling. 
DESCRIPTION OF NAFEC'S EMISSIONS MEASURING SYSTEM 
Emission Analyzers 
The instrumentation used t o  monitor t h e  exhaust emissions from 
general  a v i a t i o n  p i s t o n  engines w a s  b a s i c a l l y  t h e  same as t h a t  recom- 
mended by EPA bu t  with a number of modifications and add i t ions  t o  en- 
hance t h e  r e l i a b i l i t y  and accuracy of t he  system. A schematic of t h e  
emissions measurement system i s  shown i n  f i g u r e  3-5. The bas i c  a n a l y s i s  
instrumentation u t i l i z e d  f o r  t h i s  system, which is summarized i n  f i g -  
u re  3-6, i s  as follows: 
Carbon dioxide.  - The carbon dioxide subsystem i s  constructed 
around a Beckman Model 864-23-2-4 Nondispersive i n f r a r e d  analyzer 
(NDIR). This analyzer  has a s p e c i f i e d  r e p e a t a b i l i t y  of +1 percent of 
f u l l  scale f o r  each operat ing range. 
p a r t i c u l a r  u n i t  are as follows: range 1, 0 t o  20 percent;  range 3, 
0 t o  5 percent.  Stated accuracy f o r  each range is  the re fo re  k0.2 per- 
cent C02 and k0.05 percent C02, r e spec t ive ly .  
The c a l i b r a t i o n  ranges on t h i s  
Carbon monoxide. - The subsystem used t o  measure carbon monoxide 
is  constructed around a Beckman Model 865-x-4-4-4 NDIR.  This analyzer 
has a spec i f i ed  r e p e a t a b i l i t y  of +1 percent of f u l l  scale f o r  ranges 
1 and 2 and 22  percent of f u l l  scale f o r  range 3. 
Range 1 has been c a l i b r a t e d  f o r  0 t o  20 percent by volume, 
range 2 f o r  0 t o  1000 ppm and range 3 f o r  0 t o  100 ppm. 
range c a p a b i l i t y  of t h i s  analyzer i s  made poss ib l e  by using stacked 
sample cells which i n  e f f e c t  give t h i s  analyzer s i x  usable ranges when 
completely ca l ib ra t ed .  
The wide 
Ef fec t s  of i n t e r f e r r i n g  gases, such as CO and water vapor, were 
C02 were determined t o  be 12  ppm equivalent  CO and in t e r f e rences  from 
4 percent  w a t e r  vapor w e r e  determined t o  be 6 ppm CO equivalent.  
though the in t e fe rence  from water vapor is neg l ig ib l e ,  a condenser is  
determined and reported by t h e  factory.  Inter i! erences from 10  percent 
Even 
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used i n  t h e  CO/CO2 subsystem t o  e l imina te  condensed 
analyzers,  and flowmeters. This  condensation would 
analyzer s e n s i t i v i t y  and necess i t a t ed  more frequent  
had not been eliminated. 
water i n  t h e  l i n e s ,  
have decreased 
maintenance i f  it 
T o t a l  hydrocarbons. - The system t h a t  i s  used t o  measure t o t a l  
hydrocarbons is  a modified Beckman Model 402 heated flame ion iza t ion  
de tec to r .  
a b l e  t o  150 000 ppm carbon with intermediate  range m u l t i p l i e r s  of 0.5, 
0.1,  0.05, 0.01, 0.005, and 0.001 t i m e s  f u l l  scale. 
This analyzer  has  a f u l l - s c a l e  s e n s i t i v i t y  t h a t  i s  adjust-  
Repeatabi l i ty  f o r  t h i s  analyzer is spec i f i ed  t o  be r t l  percent  of 
f u l l  scale f o r  each range. I n  add i t ion ,  t h i s  modified analyzer  i s  
l i n e a r  t o  t h e  f u l l - s c a l e  l i m i t  of 150 000 ppm carbon when properly ad- 
jus ted .  The two major modifications t o  t h i s  analyzer  w e r e  t h e  ins ta l -  
l a t i o n  of a very f i n e  metering valve i n  the  sample c a p i l l a r y  tube and 
the  i n s t a l l a t i o n  of an accura t e  pressure transducer and d i g i t a l  read- 
out t o  monitor s a m p l e  pressure.  Both of t h e s e  modifications are neces- 
s a ry  because t h i s  analyzer  is extremely pressure s e n s i t i v e  as shown i n  
f i g u r e s  3-7, 3-8, and 3-9. Correct instrument response depends on t h e  
amount of sample passing through a c a p i l l a r y  tube. I f  t h e r e  i s  too high 
a sample flow t h e  analyzer  response becomes nonl inear  when a high con- 
cen t r a t ion  gas i s  encountered. Sample flow may be control led by vary- 
ing t h e  pressure on t h i s  c a p i l l a r y  o r  increasing t h e  length of t he  capi l -  
l a r y .  On t h i s  p a r t i c u l a r  analyzer ,  l i n e a r i t y  t o  50 000 ppm carbon w a s  
obtained by reducing t h e  sample  pressure t o  1 .5  ps ig .  However, t h e  
need f o r  l i n e a r i t y  t o  120 000 ppm carbon w a s  a n t i c i p a t e d .  Further  re- 
duction of t h e  sample pressure increased t h e  no i se  level of t he  analy- 
ze r  t o  an  unacceptable l e v e l .  I n  order  t o  reduce the  flow through the  
c a p i l l a r y  without using a lower pressure,  e i t h e r  t h e  length o r  t h e  re- 
s i s t a n c e  of t h e  c a p i l l a r y  had t o  be increased. The standard modifica- 
t i o n  f o r  t h i s  analyzer  t o  l i m i t  flow is the  i n s t a l l a t i o n  of an addi- 
t i o n a l  l eng th  of c a p i l l a r y  tubing. This procedure r equ i r e s  t r i a l  and 
e r r o r  determination of proper c a p i l l a r y  length and is a permanent modi- 
f i c a t i o n  t h a t  l i m i t s  s e n s i t i v i t y  a t  low hydrocarbon levels.  By i n s t a l l -  
ing a metering valve i n  t h e  c a p i l l a r y ,  flow could be s e l e c t i v e l y  set a t  
e i t h e r  low flow f o r  l i n e a r i t y  a t  high concentrat ions o r  high flow f o r  
g r e a t e r  s e n s i t i v i t y  a t  low concentrat ions.  I n s t a l l a t i o n  t i m e  w a s  re- 
duced by el iminat ing t h e  cut-and-try procedure f o r  determining c a p i l l a r y  
length.  
The add i t ion  of a s e n s i t i v e  pressure t ransducer  and d i g i t a l  readout 
t o  monitor sample p re s su re  w a s  needed since t h e  pressure r egu la to r  and 
gage supplied with t h e  analyzer  would not maintain t h e  pressure s e t t i n g  
accu ra t e ly  a t  low pressures .  Using t h e  d i g i t a l  pressure readout,  t h e  
sample pressure could b e  monitored and e a s i l y  maintained t o  wi th in  0.05 
in .  H20. 
Oxides of ni t rogen.  - Oxides of ni t rogen are measured by a modified 
Beckman Model 951H atmospheric pressure,  heated,  chemiluminescent ana- 
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lyzer (CL). 
six intermediate ranges. 
10 ppm full-scale range. 
This analyzer has a full-scale range of 10 000 ppm with 
Nominal minimum sensitivity is 0.1 ppm on the 
The atmospheric pressure analyzer was chosen because of its sim- 
plicity, ease of maintenance, and compactness. Anticipated water vapor 
problems in the atmospheric pressure unit were to be handled by the 
heating of the internal sample train. Interference from carbon dioxide 
quenching, common in the atmospheric pressure type CL analyzers, was 
checked and found to be nonexistent. 
A series of major modifications were performed by the manufacturer 
on this analyzer to insure compliance with specifications. One such 
modification was installed in order to maintain the temperature of the 
sample stream above the dew point of the sample gas. 
analyzer was specified to maintain a temperature of 140" F at all points 
in contact with the sample. After a survey of the 951H analyzers in 
use on FAA projects it was determined that this temperature was not 
being achieved because the method used to heat the components was in- 
adequate. A recommendation was made to the manufacturer to install a 
positive method of heating the sample tube compartment and reaction 
chamber that would be thermostatically controlled. In time the modi- 
fication was made and this problem was eliminated. Increasing the tem- 
perature of t5e internal sample components eliminated the condensed wa- 
ter problem; however, the elevated temperature caused an instability in 
the photomultiplier tube output. Another recommendation was made to 
thermostatically control the temperature of this tube. This was ac- 
complished by installating an electronic cooling jacket designed to 
maintain the photomultiplier tube at a constant temperature below the 
internal case temperature. 
Originally this 
A further modification required on this analyzer was the addition 
of a flow control valve to adjust and balance the flow rate through 
the NO and NOx legs. 
used by the manufacturer to set the NO to NOx flow balance. 
lem that was encountered with this clamp was that it was not a positive 
method of adjusting the restriction on the capillary. The clamp com- 
pression was affected by the flexible material on which the clamp was 
mounted and the variable flexibility of the teflon capillary as it was 
heated. This caused the restriction on the capillary to change with 
time after it was set and caused permanent deformation of the capillary 
allowing only adjustment that would increase the restriction. 
This valve replaced a restrictor clamp that was 
The prob- 
Oxygen measurement. - Oxygen is being measured by a Beckman Model 
OM-11 oxygen analyzer. This analyzer uses a polagraphic type sensor 
unit to measure oxygen concentration. An advanced sensor and amplifica- 
tion system combine to give this analyzer an extremely fast response 
and high accuracy. Specified response for 90 percent of final. reading 
is less than 200 ms with an accuracy of less than kO.1 percent 0 2 .  
Ranging on this unit is a fixed 0 to 100 percent 0 2  concentration. 
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Description of Sample Handling System 
Exhaust samples are transported t o  the analysis instrumentation 
under pressure through a 35-foot-1ongy 3/8-inch o.d., heated, stain- 
less steel sample line. The gas is first filtered and then pumped 
through this line by a heated Metal Bellows Model M!3-158 high temper- 
ature stainless steel sample pump. The pump, filter, and line are 
maintained at a temperature of 300"+4" F to prevent condensation of 
water vapor and hydrocarbons. At the instrumentation console, the 
sample is split to feed the hydrocarbon, oxides of nitrogen, and 
CO/CO2/02 subsystems which require different temperature conditioning. 
The sample gas t o  the total hydrocarbon subsystem is maintained at 
300" F while the temperature of remaining sample gas to the NOx and 
CO/CO2/02 system is allowed to drop to 150" F. 
oxides of nitrogen subsystem is then maintained at 150" F, while the 
gas to the CO/CO2/02 subsystem is passed through a 32" F condenser to 
remove any water vapor present in the sample. Flow rates to each 
analyzer,are controlled by a fine metering valve and are maintained 
at predetermined values to minimize sample transport and system re- 
sponse time. 
three 15-centimeter rotameters. Two system bypasses are incorporated 
into the system to keep sample transport time through the lines and 
condenser to a minimum without causing adverse pressure effects in the 
analyzers . 
Gas routed to the 
Flow is monitored at the exhaust of each analyzer by 
Filtration 
Particulates are removed from the sample stream at three locations 
in the system (fig. 3-5). Upstream of the main sample pump is a heated 
clamshell-type stainless steel filter body fitted with a Whatman GF/C 
Glass Fibre paper filter element capable of retaining particles in the 
0.1 micron range. A similar filter is located in the total hydrocarbon 
analyzer upstream of the sample capillary. An MSA Type H Ultra Filter 
capable of retaining 0.3 micron particles is located at the inlet to 
the oxides of nitrogen and CO/CO2/02 subsystems. Filters located at 
these three locations allow the entire sample transport and analysis 
system to be free of particulate contamination, thereby minimizing 
downtime due to contaminated sample lines and analyzers. 
IDENTIFICATION OF PROBLEM AREAS 
Gas Analyzers 
The analysis instrumentation that is available from the manufac- 
turer for most gases will perform reliably once this equipment is 
properly assembled and checked out. However, the majority of instru- 
mentation purchased by the FAA and its contractors for exhaust gas 
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ana lys i s  w a s  no t  i n  operat ing condi t ion when received from t h e  f ac to ry .  
I n  most instances,  t h e  problems t h a t  were encountered with t h e  a n a l y s i s  
instrumentation were due t o  t h e  l a c k  of adequate q u a l i t y  c o n t r o l  and 
inspect ion on t h e  p a r t  of t h e  ind iv idua l  instrument supp l i e r s .  For 
examp l e  : 
(1) Amplifier board missing on t h e  Model 402 Tota l  Hydrocarbon 
analyzer.  
( 2 )  Malfunctioning temperature c o n t r o l  board on t h e  Model 864 
C02 analyzer.  
(3) Damaged sample c a p i l l a r y ,  NO2 t o  NO converter  temperature set 
200" too low, and photomultiplier tube vol tage set too low on the  Model 
951H NOx analyzer.  
( 4 )  Jammed i n t e r r u p t e r  blade and loose power supply assembly i n  
t h e  Model 315B CO analyzer.  
A l l  of t h e s e  problems w e r e  corrected by t h e  manufacturer's f i e l d  
service technician a t  no cos t .  However, a l l  of t hese  problems r e s u l t e d  
i n  delays i n  t h e  FAA test program. 
Other problems with t h e  b a s i c  instruments,  not  r e l a t e d  t o  q u a l i t y  
con t ro l ,  were encountered and t o  varying degrees corrected i n  t h e  
course of emissions research and t e s t i n g  a t  NAFEC. Use of t h e  high 
temperature vers ion of t h e  hydrocarbon analyzer as recommended by t h e  
EPA l e d  t o  a problem of l i n e a r i t y  a t  high hydrocarbon levels. This 
high temperature flame ion iza t ion  de tec to r  w a s  o r i g i n a l l y  intended t o  
measure heavy molecular weight hydrocarbons which could possibly con- 
dense i n  an  unheated sample system. Generally, i n t e r n a l  combustion 
engines which e m i t  t he se  heavier  hydrocarbon exhaust products do so  a t  
concentrations less than 10 000 ppm carbon (or  ppmc). The burner 
c h a r a c t e r i s t i c s  of t h i s  heated analyzer as supplied from t h e  manufac- 
t u r e r  prevent l i n e a r  operat ion above 1 0  000 ppmc using the  sample pres- 
su res  and flows spec i f i ed  i n  t h e  operat ing i n s t r u c t i o n s .  A i r c r a f t  
p i s t o n  engines a t  c e r t a i n  power modes e m i t  hydrocarbons above t h i s  
10  000 ppmc l i n e a r  cutoff  point .  The response of t h e  flame ion iza t ion  
de tec to r  above 10  000 ppmc i s  such t h a t  operat ion i n  t h i s  range through 
t h e  use of a c a l i b r a t i o n  curve would be extremely i n s e n s i t i v e .  
modification made t o  t h e  Beckman flame i o n i z a t i o n  de tec to r  used a t  
NAFEC w a s  described i n  t h e  s e c t i o n  on t h a t  instrument. The S c o t t  
Model 215 t o t a l  hydrocarbon analyzer used by one FAA contractor  w a s  
a l s o  modified t o  produce more l i n e a r  r e s u l t s  a t  high concentrations.  
Flows were reduced i n  t h i s  analyzer  by i n s e r t i n g  a f i n e  w i r e  i n t o  t h e  
sample c a p i l l a r y  tube thereby increasing t h e  r e s t r i c t i o n  imposed by t h e  
c a p i l l a r y  and i n  t u r n  lowering t h e  sample flow rate t o  t h e  burner. Both 
modified analyzers  now produce l i n e a r  r e s u l t s  t o  approximately 
125 000 ppmc. 
The 
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The use of the Chemiluminescent (CL) analyzer to monitor oxides of 
nitrogen emission is specified by the EPA. This type of instrumenta- 
tion has just recently been recommended for the measurement of turbine 
engine exhaust where the concentration of known interferring gases are 
low. 
condensation problems in the low water environment of turbine engine 
exhaust. Also, interference of other gases, such as hydrocarbons and 
carbon monoxide, in thermal NO2 to NO converter operation did not pre- 
sent a problem because of their relatively low concentrations. Water 
vapor contamination in the atmospheric pressure CL analyzer during tur- 
bine testing was handled satisfactorily by line heating although fre- 
quent cleaning of the reaction chamber assembly was required. 
The vacuum chemiluminescent analyzer was well able to handle water 
Many major problems were encountered when attempting to adopt 
this turbine instrumentation to the more sever'e environment encountered 
in direct exhaust sampling from piston engines. 
At NAFEC, instrumentation that was used to measure emissions from 
turbine engines was adapted and modified for use in piston engine 
measurements. The original unheated CL analyzer was unable to func- 
tion properly in the presence of high exhaust water vapor. 
a permeable membrane-type dryer was used to precondition the exhaust 
sample before entering the CL analyzer. Generally, the use of dryers 
in the oxides of nitrogen system is not recommended. However, the use 
of a membrane dryer avoided the possible loss of the sample usually 
found when using conventional water traps, condensers, or desiccants 
and therefore was considered satisfactory. Preliminary tests of this 
dryer indicate that there is little or no loss of NO or NO2 gas in the 
sample after being dried in this manner. 
need for a drying system, a heated chemiluminescent analyzer was pur- 
chased. This analyzer was designed to maintain the temperature of the 
incoming sample gas above the dew point of the sample gas. All inter- 
nal components that came in contact with the sample were enclosed in a 
heated chamber which was heated by the NOx thermal converter boot. 
This method of heating proved totally unsatisfactory. After undergoing 
the major modifications described earlier, this instrument now satis- 
factorily analyzes wet exhaust samples. 
Initially, 
To eliminate a continued 
Another problem encountered in other CL analyzers which was not 
encountered in the Beckman unit used at NAFEC was the inability of the 
NO2 to NO thermal converter to operate e3ficiently in the low oxygen, 
high carbon monoxide environment of piston engine exhaust. Early in 
the program, the heated stainless steel tube type converter exhibited 
a tendency to eliminate any NO in the sample when passed through the 
converter in the presence of high concentrations of CO and low concen- 
trations of 02. 
was never eliminated; however, other types of converters, particularly 
the molybdenum alloy type have been used with varying degrees of suc- 
cess. -To date the proprietary material used in the Beckman converter 
seems to pose little or no problems in the measurement of oxides of 
nitrogen. 
This deficiency in the early stainless steel converter 
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Sampling System 
The majority of problems affecting the analysis instrumentation 
were found to be in the sample handling systems. 
purchased assembled from the vendor were found to have many tubing 
connections loose and leaking. A leak in the sample system may affect 
the performance of the system in one of two ways. If a large leak 
was located downstream of a sample pump, it would cause a loss of 
sample pressure to the analyzers, affecting response and instrument 
performance. If the leak was located upstream of a sample pump, it 
would tend to dilute the sample and give erroneous emissions readings. 
The result of even a small leak upstream of a pump could possibly go 
undetected for some time and cause incorrect data to be collected. 
Once again, many of the problems of sample leakage could have been pre- 
vented during system assembly had adequate quality control procedures 
been in effect. 
Systems that were 
Assuming that the system had been carefully assembled, small leaks 
may still develop during continuous operation of the equipment. 
stallation of a large capacity sample pump as near the sample probe as 
possible would prevent any leakage from diluting the sample. 
In- 
To avoid problems of water vapor condensation, sample lines up- 
stream of the water trap should be heated. The recommended sampling 
system as outlined by the EPA specifies that all lines upstream of the 
water trap should be heated to 300" F. 
problems with the ability of the water trap to remove water vapor in 
the CO/CO2/02 subsystems. At the flow rates required to keep sample 
transport time below 2 seconds, gas at a temperature of 300" F is un- 
able to be cooled sufficiently in the condenser to remove enough water; 
consequently, the remainder of the water vapor will condense out in the 
CO or C02 analyzers or flowmeters. It has been found that maintaining 
a sample line temperature of 150" F in the section of sample line be- 
tween the total hydrocarbon analyzer and the oxides of nitrogen analy- 
zer and the water trap gives the sample gas enough time to chill while 
passing through the water trap, and yet maintain the sample gas above 
its dew point ahead of the oxides of nitrogen analyzer. Care must be 
taken to insure that any flowmeters that are in a heated leg of the sys- 
tem are either heated or well insulated. Unheated flowmeters on the 
exhaust ports of both the total hydrocarbon and oxides of nitrogen ana- 
lyzers will cause erroneous readings due to back pressure on the analy- 
zers from the condensed water. 
This requirement has caused . 
Calibration Gases 
The most troublesome problem encountered in the use of emissions 
measurement equipment is finding calibration gas standards reliable 
enough to accurately calibrate the instrumentation. This problem is 
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espec ia l ly  evident  when dea l ing  with low concentrat ions of uns tab le  
gases such as oxides  of n i t rogen  and carbon monoxide. These gases,  
when used i n  concentrat ions below 1000 ppm,have a tendency t o  be very 
s e n s i t i v e  t o  changes i n  cy l inder  pressure  and ambient temperature, and, 
when s to red  over a per iod of t i m e ,  they tend t o  change concent ra t ion  un- 
pred ic tab ly  ( f ig .  3-10). 
NO2 is shown i n  f i g u r e  3-11. However, t he  impact of t h i s  s t a b i l i t y  prob- 
l e m  on p i s t o n  engine emissions measurements i s  l imi t ed  t o  t h e  a n a l y s i s  of 
oxides of' n i t rogen  s i n c e  concentrat ions of carbon monoxide which are 
used i n  t h e s e  measurements are much above t h e  uns tab le  1000 ppm l e v e l .  
I n s t a b i l i t y  and mixing problems assoc ia ted  wi th  t h e  o ther  gases (CO, 
C02, 02, and C3H8) do not  present  a problem i n  t h e  higher  concentra- 
t i o n s  used i n  c a l i b r a t i n g  f o r  p i s t o n  engine tests. Problems i n  these  
gases arise because of poor q u a l i t y  con t ro l  while  analyzing these  gas 
mixtures a t  the  s u p p l i e r ' s  l abora tory .  Therefore,  accuracy levels 
claimed on the  ana lys i s  c e r t i f i c a t e s  should be used with caut ion.  
The e f f e c t  of cy l inde r  type on s t a b i l i t y  of 
An in-houseca l ibra t ion  gas acceptance program should be i n s t i t u t e d  
t o  in su re  r e p e a t a b i l i t y  of da t a  throughout a test series. This pro- 
gram would in su re  t h a t  no major s h i f t s  i n  instrument c a l i b r a t i o n  oc- 
cur because of improperly c e r t i f i e d  c a l i b r a t i o n  gases.  By using in- 
s tock  c a l i b r a t i o n  gases  t o  v e r i f y  new gases as they are purchased, a 
new gas which dev ia t e s  from t h e  c e r t i f i e d  concentrat ion by more than 
the  manufacturers to le rance  would be discovered and then should be re- 
turned t o  t h e  supp l i e r  f o r  r eana lys i s .  A gas t h a t  is  wi th in  t h e  manu- 
f a c t u r e r ' s  t o l e rance  should be labe led  as t o  t h e  exact  in-house analyzed 
concentrat ion and used as t h a t  concentrat ion from t h e  on. This method 
insures  t h a t  da t a  from one system always w i l l  be repea tab le .  However, 
t h i s  method does not i n su re  t h a t  t h e  da t a  w i l l  be cons i s t en t  between 
l abora to r i e s .  
One method of insur ing  consis tency among l a b o r a t o r i e s  is t o  par- 
t i c ipa te  i n  a c a l i b r a t i o n  c ros s  re ference  se rv ice .  This s e rv i ce  s t a t i s  
t i c a l l y  compares t h e  r e s u l t s  of each labora tory ' s  a n a l y s i s  of a r e f e r e e  
gas. To be of real value,  t h i s  s e rv i ce  should co inc ide  with t h e  required 
monthly instrumentat ion c a l i b r a t i o n  and should provide f o r  immediate 
feedback as t o  t h e  accuracy of each l abora to ry ' s  ana lys i s .  
Accuracy of Emission Systems 
Accuracy of emissions da t a  depends on many parameters,  least of a l l  
published instrument accuracy. When surveying t h e  published instrument 
spec i f i ca t ions ,  i t  i s  c l e a r l y  evident t h a t  most instrumentat ion designed 
t o  be used f o r  exhaust emission measurements m e e t s  t h e  requirements set 
f o r t h  by EPA. However, whether o r  not t h i s  instrumentat ion l i v e s  up t o  
its design s p e c i f i c a t i o n s  during a c t u a l  f i e l d  use is  more a func t ion  of 
c a l i b r a t i o n  accuracy and system r e l i a b i l i t y .  Assuming t h a t  t he  gases 
used t o  c a l i b r a t e  t h e  ana lys i s  instrumentat ion have a l l  been v e r i f i e d  
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and t h e  instrumentation i s  funct ioning properly,  t h e  method used t o  ob- 
t a i n  the  analyzer  c a l i b r a t i o n  curves is  c r i t i ca l .  Analyzer specif ica-  
t.ions claim r e p e a t a b i l i t y  of 2 1  percent of f u l l  scale. This repeatabi l -  
i t y  can be t r a n s l a t e d  t o  instrument accuracy only a t  t h e  exact p o i n t s  
of c a l i b r a t i o n .  A t  any o t h e r  po in t  wi th in  t h e  range of t h e  analyzer ,  
t h e  reading is only an  estimate based on a b e s t  f i t  curve drawn through 
these  c a l i b r a t i o n  po in t s .  This,  t he re fo re ,  means t h a t  t h e  accuracy of 
t h e  da t a  is  dependent on how w e l l  t h i s  b e s t  f i t  curve follows t h e  a c t u a l  
behavior of t h e  analyzer.  
Determining the  proper c a l i b r a t i o n  curve f o r  each analyzer r equ i r e s  
t h a t  t h e  b a s i c  shape of t h e  curve b e  known. The t o t a l  hydrocarbon ana- 
l y z e r  (FID), oxides of n i t rogen  (CL) analyzer,  and oxygen analyzer are 
known t o  be l i n e a r  up t o  a predetermined l i m i t .  Therefore, a b e s t  f i t  
curve based on a l i n e a r  r eg res s ion  should be used t o  determine t h e  cali-  
b r a t i o n  curve f o r  t hese  analyzers .  A minimum of t h r e e  v e r i f i e d  ca l ib ra -  
t i o n  gas s tandards must b e  used t o  determine these  curves. The in f r a -  
red analyzers  used t o  measure carbon monoxide and carbon dioxide are 
known t o  be nonl inear .  By using a t h i r d  degree polynomial regression,  
a b e s t  f i t  curve f o r  t h e s e  two analyzers may be found t h a t  very c lose ly  
approximates t h e  behavior of t hese  analyzers.  A minimum of f i v e  veri- 
f i e d  c a l i b r a t i o n  gas standards should be used t o  determine t h e s e  curves. 
Both r eg res s ion  methods generate  c a l i b r a t i o n  curves which f a l l  
within t h e  +1 percent  accuracy levels of t he  analyzers.  
EMISSIONS MEASUREMENT SUMMARY 
Emission measurement instrumentation commercially a v a i l a b l e  w i l l  
r e l i a b l y  and accu ra t e ly  measure exhaust from p i s t o n  engines provided 
t h e  instruments are functioning according t o  design s p e c i f i c a t i o n s ,  
are properly c a l i b r a t e d ,  and used on a r egu la r  bas i s .  Care must be 
taken when purchasing t h i s  equipment t o  spec i fy  exac t ly  t h e  operat ing 
condi t ions under which t h e  instrumentation i s  t o  be used and t h e  per- 
formance expected of t h e  system. Each system o r  component should be 
checked thoroughly f o r  compliance wi th  s p e c i f i c a t i o n s  p r i o r  t o  being 
accepted from the  vendor. Ca l ib ra t ion  gas s tandards should be ve r i f i ed  
p r i o r  t o  being used t o  c a l i b r a t e  t h e  instrument. 
of c a l i b r a t i o n  po in t s  must b e  used t o  in su re  t h a t  t h e  c a l i b r a t i o n  
curves determined f o r  each analyzer  accu ra t e ly  p r e d i c t  t h e  behavior of 
each analyzer.  Also, a pe r iod ic  in t e r l abora to ry  c a l i b r a t i o n  c ros s  
reference check should be made t o  in su re  t h a t  da t a  co l l ec t ed  are com- 
p a t i b l e  from l abora to ry  t o  laboratory.  R e l i a b i l i t y  and accuracy of 
a n a l y s i s  instrumentation is  g r e a t l y  enhanced i f  t h e  instrument i s  cal- 
i b r a t e d  and operated on a r egu la r  bas i s .  A preventat ive maintenance 
and c a l i b r a t i o n  schedule could be e s t ab l i shed  i f  t h e  instrument i s  used 
i n  t h i s  manner. The p o s s i b i l i t y  of f u r t h e r  simplifying t h e  a n a l y s i s  
system and determining t h e  cause of v a r i a b i l i t y  i n  p i s t o n  engine e m i s -  
A s u f f i c i e n t  number 
s ion  measurements should be invest igated.  The cumulative e f f e c t  of in- 
d iv idua l  measurement unce r t a in t i e s  on f i n a l  emissions da t a  accumulated 
should a l s o  be determined. 
TEST PROCEDURES 
To understand the  tests it  is necessary t o  descr ibe  t h e  EPA cycle .  
I n  t h e  cycle,  EPA s p e c i f i e s  an id l e - t ax i  operat ion of 12 minutes dura- 
t i o n  a t  s t a r t u p ,  a 0.3-minute operat ion a t  takeoff  power, a 5-minute 
climb, a 6-minute approach, and a 4-minute i d l e / t a x i  operat ion coming 
in .  A t  t h e  o u t s e t  of t h e  program, i t  w a s  decided t o  run a t  both i d l e  
and t a x i  i n  order  t o  develop information a t  both powers. The i d l e  
power w a s  s e l ec t ed  a t  600 rpm and t a x i  a t  1200 rpm wi th  t h e  t i m e  i n  ' 
modes a t  1 and 11 minutes, respec t ive ly ,  when going out  and a 3-minute 
t a x i  and l-minute i d l e  coming i n .  
The 7-mode base l ine  shown i n  f igu re  3-12 is  conducted i n  sequence, 
but t h e  t i m e  i n  mode f o r  computing emissions is a ca lcu la ted  value.  
The a c t u a l  test t i m e  i n  mode f o r  any run is  about 5 minutes. This i s  
because i t  takes  about t h a t  long t o  set the  power condi t ions,  s t a b i l i z e  
the engine, and record t h e  values  of engine performance and emissions. 
I n  conducting t h e  -/-mode tests i t  has been observed t h a t  i d l e  and t a x i  
going out  are not necessa r i ly  i d e n t i c a l  with t a x i  and i d l e  i n .  
a t t r i b u t e d  t o  t h e  f a c t  t h a t  a t  s tar t  up t h e  preconditioning of t h e  en- 
gine c o n s i s t s  only of s t a r t i n g  and running t h e  engine u n t i l  t h e  o i l  is  
heated up t o  a spec i f i ed  temperature. During t h i s  warmup period, some 
buildup of carbon, o i l  pas t  t he  r ings ,  e t c . ,  w i l l  occur and t h i s  w i l l  
be r e f l e c t e d  i n  t h e  emissions measured. Af te r  t h e  i d l e  run, t h e  t a x i  
condition i s  set with no clear-out of the  engine and t h i s  too w i l l  have 
an impact on t h e  measured emissions. However, a t  t a x i  i n ,  which fo l -  
lows a sequence of high power runs which have cleared t h e  engine ou t ,  
t he  emissions usua l ly  are lower than those measured a t  taxi out .  The 
same is usua l ly  t r u e  f o r  i d l e  i n .  
This is  
The previous observat ions i n d i c a t e  t h a t  t h e  level of emissions can 
be changed by varying t h e  procedure used during t h e  t e s t i n g .  It a l s o  
should be recognized t h a t  t he  impact  of t h e  id l e - t ax i  modes i n  t h e  
7-mode base l ine  is q u i t e  s i g n i f i c a n t .  
27.3 minutes. 
and t a x i ,  but t h e  t i m e  i n  mode is  s u f f i c i e n t l y  long t o  have a consider- 
ab le  impact  on t h e  o v e r a l l  emissions level. 
The t o t a l  t i m e  f o r  the  cyc le  is 
Admittedly,the rate of emission production is  low at  i d l e  
I n  t h e  course of t h e  tests i t  became apparent t h a t  t he  ya rds t i ck  
f o r  determining whether datawere acceptable  o r  unacceptable w a s  r a t h e r  
broad a t  t h e  t h r e e  high powers. The data  a t  takeoff ,  climb, and ap- 
proachwereusual ly  cons is ten t  f o r  a l l  t h e  engines t e s t e d  and agreement 
between measured and ca lcu la ted  fue l -a i r  r a t i o  w a s  high (i.e.,  probably 
90 percent o r  more of these  tests produced acceptable  d a t a ) .  A t  i d l e  
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and t a x i ,  t h e  degree of a c c e p t a b i l i t y  w a s  considerably lower with i d l e  
power providing t h e  lowest percentage of acceptable  da ta .  This can be 
a t t r i b u t e d  t o  a v a r i e t y  of causes: (1) t h e  engine i s  not running i n  a 
t r u e  s teady-state  condi t ion at  i d l e  power where rpm f luc tua t ions  are 
r a t h e r  wide while da t a  are being co l l ec t ed ,  (2) t h e  combustion process 
i s  not  cons is ten t  and wide f luc tua t ions  i n  emissions are recorded dur- 
ing  a test, and (3) t h e  e f f e c t  of cylinder-to-cylinder v a r i a t i o n s  is  
more pronounced and these  v a r i a t i o n s  are r e f l e c t e d  i n  t h e  wide band of 
emissions recorded. The same comments which are made f o r  i d l e  power 
can be c i t e d  f o r  t a x i ,  but  on a reduced l eve l .  The accep tab i l i t y  of 
da ta  a t  t a x i  is much higher than t h a t  a t  i d l e ,  probably there  are only 
50 percent as many unacceptable test po in t s  run a t  t a x i  as a t  i d l e .  
Recognizing these  l imi t a t ions  of t h e  7-mode cycles ,  i t  has been 
suggested by t h e  var ious  p a r t i c i p a n t s  i n  t h e  program t h a t  a 5-mode 
cyc le  be used as t h e  b a s i c  measuring medium f o r  po l lu t ion  tests. 
is  being suggested is  t h e  use of a 5-mode cyc le  ( f i g .  3-13) which e l i m -  
i n a t e s ’ i d l e  tests a t  t h e  beginning and end and adds 1 minute t o  both 
t a x i  modes. The r e s u l t s  obtained from t h i s  type of test are s l i g h t l y  
more conservat ive ( i . e . ,  t h e  emissions are s l i g h t l y  higher)  than those 
obtained when computed from a 7-mode cycle .  
curacy of da ta  obtained, the  r e p e a t a b i l i t y  of t h e  da ta ,  and t h e  capa- 
b i l i t y  of s e t t i n g  the  condi t ions a t  t a x i  are considerably g rea t e r .  A 
comparison of a typ ica l  7-mode and 5-mode cyc le  ( f ig .  3-14) using t h e  
same da ta  r e s u l t s  i n  agreement between t h e  two types of cycles  wi th in  
5 percent .  
emissions accura te ly  a t  i d l e ,  i t  would seem t h a t  t h i s  e f f o r t  o f f e r s  
only a very s l i g h t  increase  i n  information about emissions. 
t r u e  e spec ia l ly  when i t  is rea l i zed  t h a t  t h e  degree of accuracy s u f f e r s  
a sharp dec l ine  when going from t a x i  t o  i d l e  power. 
t o  t h e  bas i c  cyc le  emission ca l cu la t ion  should be considered i n  the  
l i g h t  of t h e  previous comments. A t  any rate, a l l  the  tests a t  NAFEC are 
being run with t h e  7-mode cycle  and can r e a d i l y  be modified t o  a 5-mode 
cyc le  i n  the  computation procedure. 
What 
However, t h e  degree of ac- 
With a l l  t h e  problems which occur i n  attempting t o  measure 
This is  
This modification 
The tests conducted a t  NAFEC and a t  t h e  engine manufacturers have 
a13 been of two types,  7-mode base l ines  and lean-out runs a t  a l l  
powers. 
r i c h  and taking a reading of emissions. The next test is  set a t  an  in-  
crementally reduced f u e l  flow. Usually a series of fou r  tests is  made 
a t  each power (i.e.. from f u l l - r i c h  t o  1 2  o r  15 l b  l ean ) .  The informa- 
t i o n  gained from these  tests is  q u i t e  u se fu l  i n  t h a t  acceptable  d a t a  
produce smooth curves when they are p lo t t ed  wi th  F/A r a t i o  versus  pollu- 
t a n t  i n  pounds per  hour. Unacceptable d a t a  become very apparent when 
p lo t t ed  i n  t h i s  way. I n  addi t ion ,  when such tests are run under d i f f e r -  
en t  ambient condi t ions,  t h e  curves produced can be use fu l  i n  determin- 
ing  t h e  impact  of temperature and humidity on t h e  emissions. For pur- 
poses of co r re l a t ing  da ta  from d i f f e r e n t  f a c i l i t i e s ,  t he  use of lean- 
out  runs is  a necess i ty .  A 7-mode base l ine  y i e l d s  information which is  
The lean-out runs are conducted by s e t t i n g  t h e  power a t  f u l l  
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unique t o  t h e  condi t ions under which i t  w a s  run. 
It is d i f f i c u l t  t o  compare basel ine bargraphs wi th  any degree of 
accuracy unless  i d e n t i c a l  ambient condi t ions p r e v a i l  f o r  t h e  tests under 
comparison. The use  of lean-out tests, however, provides a more con- 
venient  mechanism f o r  comparison o r  ana lys i s  of t h e  da t a .  Tests a t  d i f -  
f e r e n t  ambient condi t ions can generate l i n e s  of p o l l u t a n t  aga ins t  F/A 
r a t i o  which can serve as guidel ines  f o r  i n t e r p o l a t i o n  o r  ex t r apo la t ion  
t o  o t h e r  ambient condi t ions.  
evaluated. 
I n  t h i s  way d a t a  can be compared and 
Lean-out tests can be used t o  generate  7-mode o r  5-mode base l ines  
and bargraph p resen ta t ions  can be made from these  curves. The use of 
lean-out t e s t i n g  i n  this  way can y i e l d  more cons i s t en t  information on 
t h e  cycle  emissions, s i n c e  t h e  curves themselves e l imina te  t h e  random- 
ness which occurs i n  any ind iv idua l  test point .  The accumulated to l e r -  
ances of t h e  emission measurements instrumentation and t h e  f u e l  and a i r  
measurements a lone could render a l l  da t a  unacceptable. On a s ta t i s t ica l  
bas i s ,  however, t h i s  r e s u l t  does not occur. However, some of t h i s  ran- 
domness of da t a  can b e  eliminated by t h e  use of lean-out tests i n  de- 
veloping t o t a l  cyc le  emission values.  
The lean-out curves are a l s o  use fu l  i n  construct ing hypothet ical  
f l i g h t  p r o f i l e s  f o r  an engine. Thus, a t  takeoff ,  climb, approach, and 
t a x i , s p e c i f i c  F/A r a t i o s  can be selected,and t h e  emissions from t h i s  
cycle  can b e  determined without a c t u a l l y  t r y i n g  t o  set t h e  engine con- 
d i t i o n s  on the  stand. 
i n  comparing da ta  from f a c i l i t y  t o  f a c i l i t y .  Assuming t h a t  t he  da t a  on 
the  engine are taken over a range of ambient condi t ions,  which can be 
used f o r  i n t e r p o l a t i o n  o r  extrapolat ion,  a d i r e c t  comparison of cyc le  
emissions can be developed f o r  purposes of comparison. 
tests the re fo re  can be extremely u s e f u l  and should a l s o  prove t o  be 
q u i t e  valuable  i n  assessing emissions when co r rec t ed  t o  a n  agreed upon 
standard.  It is  f e l t ,  t he re fo re ,  t h a t  a very s i g n i f i c a n t  con t r ibu t ion  
t o  accu ra t e  and usable  d a t a  on emissions can be obtained by t h e  use  of 
lean-out tests a t  t h e  var ious powers. 
Application of t h i s  p r i n c i p l e  is  a l s o  very u s e f u l  
The lean-out 
62 
DISCUSSION 
Q -  
A -  
Q -  
A -  
Q -  
A -  
Q -  
A -  
G. Kittredge: Your arguments and recommendation f o r  de l e t ion  of t he  
i d l e  power s e t t i n g  were very persuasive and c e r t a i n l y  t h e  da t a  seem 
t o  be unharmed by such a change. 
recommendation. 
o r i e n t a t i o n  t h a t  can comment on Bob's recommendation and say 
whether t h e  i d l e  power s e t t i n g  is a real is t ic  power s e t t i n g  i n  t h e  
context of t h e  way such a i r c r a f t  are r e a l l y  operated? 
L. He lms :  The 1 minute of t h e  a l loca ted  t o  i d l e  i s  not  p a r t i c u l a r l y  
s i g n i f i c a n t  one way o r  t h e  other .  There is  t h e  more f a r  reaching im- 
pact ,  however, of e l iminat ing t h a t  1 minute of i d l e  pe r  se and t ry ing  
to  bui ld  an  automatic mixture cont ro l  system t o  take  i n t o  account a l l  
of those conditions.  
haps t h e  worst, which might be climb o r  maybe takeoff ,  and scheduling 
a mixture con t ro l  approach t o  reduce a l l  of t h e  po l lu t an t s  and cer- 
t a i n l y  CO. 
e l imina te  j u s t  one mode, which i n  t h i s  case is  t h e  i d l e  with only 
1 minute. 
t h e  f a c t  t h a t  I not iced on your c h a r t  you could t e l l  no d i f f e rence  be. 
tween t h e  5 and 7 modes. From our viewpoint i t  could only help US 
s i g n i f i c a n t l y  and c e r t a i n l y  would reduce t h e  magnitude of t h e  complex 
i t y  of t h e  problem. 
We do owe you a response t o  t h a t  
Ts t he re  someone here  today with a i r c r a f t  design 
W e ' l l  see later the  p o s s i b i l i t y  of taking per- 
Our problem would be dramat ica l ly  easier i f  we would 
I would c e r t a i n l y  encourage i t  - p a r t i c u l a r l y  i n  view of 
M. S t ee l e  t o  S .  hbrogno:  I w a s  very impressed with t h e  magnitude 
of t h e  e r r o r s  t h a t  you could g e t  from t h e  Beckman instruments.  
Since most of us use these  same instruments,  a t  what po in t  were t h e  
improvements made i n  t h e  Beckman instruments? Tn p a r t i c u l a r ,  i f  you 
go back t o  the  pre-1973 era, are w e  dea l ing  with instruments t h a t  
w e r e  g ros s ly  inaccura te  o r  d id  I misunderstand some of t h e  comments 
t h a t  were made? 
S. Imbrogno: You are speaking of which analyzer  i n  p a r t i c u l a r ?  
The e r r o r s  i n  the  CO and C02 are very s m a l l .  
made i n  t h e  hydrocarbon analyzer  r e a l l y  only a f f ec t ed  the  very high 
emission levels. A t  t h e  lower emission levels, such as approach 
and poss ib ly  takeoff and climbout, t h e  modif icat ions w e  made didn' t 
a f f e c t  t h e  measurements a t  a l l .  
The modif icat ions w e  
M. S tee le :  
S. Imbrogno: 
t i o n a l  problem. 
we'd have t o  s top  t e s t i n g  and repair t h e  analyzer .  
t i c u l a r l y  a f f e c t  t h e  d a t a  once the  analyzer  w a s  operat ing properly.  
What about t h e  v a r i a t i o n s  i n  NO, measurements? 
The problem with the  analyzer  w a s  more of an  opera- 
The operat ion of t h e  analyzer would degrade and 
It d idn ' t  par- 
B. Westfield t o  S .  Imbrogno: I n  the  automotive f i e l d  they use  a 
bag c o l l e c t i o n  system. Do you f e e l  t h a t  t h e r e  would be any bene f i t  
f o r  aircraft systems t o  go t o  t h a t  same type of a system; and, sec- 
ondly, could the manufacturers g ive  m e  t h e i r  comments on t h e  same 
poin t?  
S. Imbrogno: 
be adding another p iece  of instrumentat ion;  however, i t  would 
Using t h e  constant  volume sample with t h e  bags would 
6 3  
e l imina te  problems with high concentrat ions t h a t  are measured f o r  
p i s t o n  engines. You'd be br inging t h e  concentrat ions down i n  t h e  
ppm range and would be e l h i n a t i n g  t h e  problem of non l inea r i ty  i n  
t h e  hydrocarbon measurements a t  the  high end. 
s i b l y  be el iminat ing the water problem I n  t h e  ehemlluminescence 
analyzer.  
Also, it would pos- 
COMNENT - T. Cackette: One problem with t h e  CVS system is  t h a t  you 
don ' t  g e t  a heated hydrocarbon measurement. 
c u l t  t o  hea t  a flow t o  300° F t h a t ' s  d i l u t e d  with 300 CFM of d i l u t i o n  
a i r  - which i s  what happens i n  an  automotive system. 
COMMENT - L. Duke: 
because w e  t r a d e  one problem f o r  another.  
concentrat ions and water problems with exhaust emissions i n  t h e  NO, de- 
t ec to r .  When w e  look a t  t h e  magnitude of t h e s e  problems as f a r  as w e  
have r e f ined  the  instrumentation today, w e  have reduced them so t h a t  
those problems are no t  a f a c t o r  i n  t ry ing  t o  pass  t h e  Federal  Standards. 
I f  w e  go t o  t h e  bag system then w e  have a new set of problems. Instead 
of looking a t  high concentrat ions we are now looking a t  low concentra- 
t i o n s  as w e  s t a t e d  i n  t h e  ppm range with a new set of problems t o  def ine.  
What you are saying i s  l e t ' s  throw out a l l  t h e  work werve done t o  d a t e  
and start f r e sh .  
sponse would be t o  say no f o r  t h a t  reason and a l s o  f o r  increased complex- 
i t y  i n  t h e  test cyc le  and test procedures which we'd have t o  start work- 
ing wi th  now. 
COMMENT - K. Stuckas: F i r s t  of a l l ,  I ' d  have t o  concur wi th  Steven 
Imbrogno's remarks about t h e  equipment, and second, a t  t h i s  t h e  w e  f e e l  
w e  have t h e  equipment i n  shape and are on top  of t h e  s i t u a t i o n  t o  t h e  
point  of where w e  f e e l  w e  can produce accu ra t e  r e s u l t s  wi th in  t h e  con- 
s t r a i n t s  of t h e  exhaust emission standards as w r i t t e n  i n  t h e  Federal  
r e g i s t e r .  
system a t  t h i s  t i m e ,  although w e  have t r i e d  i t  w i t h  very l i t t l e  success.  
It 's going t o  be d i f f i -  
I n i t i a l l y  w e  are aga ins t  a bag c o l l e c t i o n  system 
W e  do have high hydrocarbon 
W e  a r en ' t  i n  t h e  pos i t i on  t o  do t h a t  and my f i r s t  re- 
I don't f e e l  t h e r e  is  any bene f i t  o r  va lue  i n  going t o  a bag 
Q -  
A -  
H. Nay: This  quest ion is  d i r ec t ed  t o  those who have done emissions 
t e s t i n g  relative t o  f u e l s  composition. 
range of content  of a v i a t i o n  gasoline.  For instance,  t h e  100 octane 
low l ead  f u e l  contains  a high content of arornatlcs re la t ive t o  t h e  
r egu la r  100 octane leaded f u e l .  Has t h e r e  been any experience i n  
regard t o  emissions'measurements, a n a l y s i s  r e s u l t s ,  o r  t h a t  type of 
t h ing  relative t o  t h e  a c t u a l  composition of t h e  f u e l ?  And is  t h e  
a standard tes t  f u e l  used i n  conjunction with emission measure- 
ments? 
P. Kempke: NASA-Lewis has used the  standard a v i a t i o n  r e fe rence  f u e l  
throughout our  program. 
comparative tests, as a general  comment i n  comparing our  da t a  t o  t h a t  
generated by t h e  indus t ry  f o r  similar engines, t h e r e  does no t  seem t o  
be any d i f f e r e n c e  t h a t  I would a t t r i b u t e  t o  f u e l  d i f f e rences .  I be- 
lieve the  industry d i d  not use the  r e fe rence  f u e l  but instead used 
t h e  commercially a v a i l a b l e  a v i a t i o n  f u e l .  
There is a f a i r l y  broad 
Although we have no t  made any experimental 
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COMMENT - L. Duke: W e  d id  not  use a s tandard re ference  fue l .  We buy a 
commercially a v a i l a b l e  f u e l  and each time analyze i t  f o r  aromatic con- 
t e n t ,  o l e f i n  lead  content ,  and o the r  th ings  that would inf luence  t h e  hy- 
drocarbon r a t i o  i n  t h e  ca l cu la t ion  procedure. 
f u e l s  t o  t r y  t o  cha rac t e r i ze  t h e  e f f e c t s  on emissions. 
W e  d id  not  use  d i f f e r e n t  
COWENT - W. Mirsky: 
enviroment, you ge t  i n t o  a ve ry  d i f f l lcu l t  sP tua t ion  when looktng a t  t h e  
r e a c t i v i t y  of t h e  hydrocarbon exhaust. You measure t o t a l  quant i ty  of 
hydrocarbons but t he  type of hydrocarbons has a l a r g e  e f f e c t  on how they 
each a f f e c t  t h e  atmosphere. This r equ i r e s  a very  e labora te  ana lys i s .  A 
l o t  of t h i s  work has been done and supported by EPA. 
Bartlesville, Oklahoma, has done a l o t  of work and it was  found that 
the re  m y  be as many as 200 d i f f e r e n t  types of hydrocarbons i n  t h e  ex- 
haust  as w a s  shown i n  some of t h e i r  e a r l y  work. 
bond hydrocarbons are not very reactive and do not  a f f e c t  t h e  atmos- 
phere. The o l e f i n i c  type of double bond hydrocarbons are r e a c t i v e  so 
you g e t  i n t o  a complex s i t u a t i o n  i f  you 
ind iv idua l  hydrocarbons. 
is not so much the  hydrocarbons as t h e  CO and t h a t ' s  a much s i m p l e r  
problem. 
If you look a t  t h e  e f f e c t  of hydrocarbons on t h e  
Dick Hurn of 
Methane and t h e  s i n g l e  
start t o  analyzk t h e  a f f e c t  of 
1 th ink  t h e  major problem with a i r c r a f t  engines 
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AIR SCHEMATIC FOR 10-360B TESTS AT NAFEC 
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Figure 3-1 
SIZING EFFECTS 
ON 3.8 in. ORIFICE IN 8 in. PIPE 
AIR FLOW 
POWER A P  AIR FLOW A P TOLER. TOLER. 
(in. H20) (Ib/hr) (in. H'O) (Ib/hr) SETTING - --
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TO 
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Figure 3-2 
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SIZING EFFECTS 
ON AIR FLOW TRANSDUCER 
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Figure 3-3 
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Figure 3-4 
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Figure 3-6 
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STABILITY OF NITRIC OXIDE MIXTURES 
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EFFECT OF CYLINDER TYPE 
ON STABILITY OF NO2 
ANALYSIS ANALYSIS 
CYLINDER TYPE 2 MONTHS 2 YEARS 
WAX LINED 
STEEL (Cr-Mol 
135 ppm 
179 ppm 
1 PPm 
151 ppm 
TREATED ALUM I NU M 197 ppm 200 PPm 
FILLED TO BE 200 PPM NOn IN Nz 
(SOURCE-AIRCO INDUSTRIAL GASES) 
Figure 3-11 
QESCRIPTION OF 7 MODE 
BASELINE TEST FOR EMISSIONS 
TIME IN MODE 
1 MINUTE 
11 MINUTES 
.3 MINUTE 
5 MINUTES 
6 MINUTES 
3 MINUTES 
1 MINUTE 
RPM 
600 
1200 
2700 * 
2430 * 
2350 * 
1200 
600 
- POWER 
IDLE OUT 
TAXI OUT 
TAKEOFF 
CLIMB 
APPROACH 
TAXI IN 
IDLE IN 
*NOMINAL RPM'S FOR MOST ENGINES TESTED 
Figure 3-12 
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DESCRIPTION OF 5 MODE 
3.0 
E 3 2.0 
s 
s 
2 1.0 
2; 
2 
3 
Ly 
LL 
4 
I- 
2 
: 
BASELINE TEST FOR EMISSIONS 
- 
7 MODE CYCLE 5 MODE CYCLE 
- 
- 
- 
- 
RPM -TIME IN MODE POWER 
12 MINUTES 1200 TAXI OUT 
.3 MINUTE 2700 * TAKEOFF 
5 MINUTES 2430 * CLIMB 
6 MINUTES 
4 MINUTES 
2350" 
1200 
APPROACH 
TAXI IN 
*NOMINAL RPM'S FOR MOST ENGINES TESTED 
Figure 3-13 
EFFECT OF DELETION OF THE IDLE MODE 
ON CYCLE EMISSION CALCULATION 
LIMIT 
Figure 3-14 
